Charcot-Marie-Tooth disease type 1B is caused by mutations in myelin protein zero. R98C mice, an authentic model of early onset Charcot-Marie-Tooth disease type 1B, develop neuropathy in part because the misfolded mutant myelin protein zero is retained in the endoplasmic reticulum where it activates the unfolded protein response. Because oral curcumin, a component of the spice turmeric, has been shown to relieve endoplasmic reticulum stress and decrease the activation of the unfolded protein response, we treated R98C mutant mice with daily gastric lavage of curcumin or curcumin derivatives starting at 4 days of age and analysed them for clinical disability, electrophysiological parameters and peripheral nerve morphology. Heterozygous R98C mice treated with curcumin dissolved in sesame oil or phosphatidylcholine curcumin performed as well as wild-type littermates on a rotarod test and had increased numbers of large-diameter axons in their sciatic nerves. Treatment with the latter two compounds also increased compound muscle action potential amplitudes and the innervation of neuromuscular junctions in both heterozygous and homozygous R98C animals, but it did not improve nerve conduction velocity, myelin thickness, G-ratios or myelin period. The expression of c-Jun and suppressed cAMP-inducible POU (SCIP)-transcription factors that inhibit myelination when overexpressed-was also decreased by treatment. Consistent with its role in reducing endoplasmic reticulum stress, treatment with curcumin dissolved in sesame oil or phosphatidylcholine curcumin was associated with decreased X-box binding protein (XBP1) splicing. Taken together, these data demonstrate that treatment with curcumin dissolved in sesame oil or phosphatidylcholine curcumin improves the peripheral neuropathy of R98C mice by alleviating endoplasmic reticulum stress, by reducing the activation of unfolded protein response and by promoting Schwann cell differentiation. Keywords: Charcot-Marie-Tooth disease 1B; curcumin; myelin protein zero; peripheral neuropathy; unfolded protein response Abbreviations: CA = curcumin dissolved in alimentum; CDF = fluorinated curcumin derivative; CMT1B = Charcot-Marie-Tooth disease type 1B; CO = curcumin dissolved in sesame oil; GFP = green fluorescent protein; PCC = phosphatidylcholine curcumin; SERCA = sarcoplasmic/endoplasmic reticulum calcium pump; UPR = unfolded protein response
Introduction
Charcot-Marie-Tooth disease type 1B (CMT1B) is caused by mutations in the Myelin Protein Zero (MPZ) gene and is the second most common form of the autosomal dominant hereditary demyelinating neuropathies, collectively called CMT1 (Nelis et al., 1996; Saporta et al., 2011) . More than 120 different disease-causing mutations in MPZ have been identified (http://www.molgen.ua. ac.be/CMTMutations/default.cfm). Most patients with CMT1B present in two phenotypic groups, one with extremely slow nerve conduction velocities and onset of symptoms during the period of motor development; a second with normal or near normal nerve conduction velocities and the onset of symptoms as adults (Shy et al., 2004) . Why particular mutations cause early or late onset neuropathy is not understood.
A number of CMT1B mutations cause mutated MPZ to be retained in the endoplasmic reticulum instead of being transported to the cell membrane or myelin sheath. Examples include MpzS51ÁW57 (Grandis et al., 2008) , 506delT and 550del3insG (Khajavi et al., 2005) , studied in vitro, and Ser63del and R98C mice, studied in vivo (Wrabetz et al., 2006; Pennuto et al., 2008; Saporta et al., 2012) . Endoplasmic reticulum stress in both Ser63del and R98C mice contributed to the neuropathy by activating a canonical unfolded protein response (UPR) (Pennuto et al., 2008; Saporta et al., 2012) . UPR activation aims to reduce the load of unfolded proteins through upregulation of chaperones, attenuation of protein synthesis and increased protein degradation. The UPR is mediated initially by three molecules located in the endoplasmic reticulum membrane, inositol requiring enzyme (IRE1), activating transcription factor (ATF6) and PKR like ER Kinase (PERK). Three parameters may be used to detect UPR activation (i) XBP1 splicing as an indicator of IRE1 pathway activation; (ii) ATF6 cleavage; and (iii) increase in the levels of the transcription factor C/EBP homology protein (CHOP) and its translocation to the nucleus, as an indicator of PERK pathway. Genetically eliminating Chop improved the neuropathy of Ser63del mice, suggesting that reducing UPR activation caused by endoplasmic reticulum stress is a viable therapeutic strategy for at least some cases of CMT1B (Pennuto et al., 2008) .
Sarcoplasmic/endoplasmic reticulum calcium pump (SERCA) inhibitors may reduce endoplasmic reticulum stress, and consequently, UPR activation by inhibiting calcium binding and disrupting calnexin function (Egan et al., 2004) . SERCA inhibitors are generally too toxic to be used therapeutically in humans. Curcumin, derived from the curry spice, turmeric, has multiple cellular targets and pleiotropic biological effects (Epstein et al., 2010) ; in addition, it is safe for human consumption (Corson and Crews, 2007) . Curcumin functions as a low-affinity SERCA inhibitor, and it has been shown to relieve endoplasmic reticulum stress and ameliorate the phenotype in several in vitro and in vivo models of UPR activation. Examples include cystic fibrosis models (Egan et al., 2002 (Egan et al., , 2004 , cell culture experiments with MPZ mutants (Khajavi et al., 2005) and Tr J mice; a model for another severe infantile onset neuropathy (CMT1E) caused by a missense mutation in Pmp22 (Khajavi et al., 2007) . Taken together, these data demonstrate a proof of principle for using curcumin to treat appropriate animal models and ultimately patients with neuropathies caused by misfolded proteins retained within the endoplasmic reticulum. R98C MPZ (also called R69C with the leaderless numbering system) causes severe, early onset CMT1B (Bai et al., 2006) . We have generated authentic R98C knock-in mice and demonstrated that heterozygous (R98C/ + ) and homozygous (R98C/R98C) mice develop a neuropathy that resembles the human neuropathy. R98C/R98C mice are more severely affected than R98C/ + mice by clinical, neurophysiological and morphological criteria (Saporta et al., 2012) . R98C Mpz is retained in the endoplasmic reticulum in the mice where it also activates a canonical UPR response. These mice serve as a model to test therapies directed at relieving endoplasmic reticulum stress in CMT1B and in related neuropathies (Saporta et al., 2012) . We treated R98C mice with orally administered curcumin. We did not obtain significant benefits in mice treated with either curcumin dissolved in alimentum (CA)-the form used to treat Tr J mice (Khajavi et al., 2007) -or with a fluorinated curcumin derivative (CDF) (Padhye et al., 2009 ). However, a phosphatidylcholine curcumin derivative (PCC) designed to increase bioavailability (Marczylo et al., 2007) and curcumin dissolved in sesame oil (CO) improved the R98C/R98C animals by neurophysiological and morphological criteria and the R98C/ + mice by clinical, neurophysiological and morphological criteria. Furthermore, PCC or CO treatment attenuated the UPR and promoted Schwann cell myelination.
Materials and methods

Animals
All studies carried out on mice were conducted in accordance with experimental protocols approved by the Institutional Animal Care and Use Committee of Wayne State University. R98C knock-in mice were generated using a cre-lox system, kept on a Friend virus-B-Type (mouse) FVB/N background and genotyped as described (Saporta et al., 2012) . Mutant mice presented with weakness, tremor, electrophysiological and morphological abnormalities. R98C/R98C mice were more severely affected than R98C/ + animals in all these measurements (Saporta et al., 2012) . Behavioural and electrophysiological parameters were investigated at 6 weeks and 3 months of age. Unless otherwise stated, morphological and molecular studies were carried out at three time points: at post-natal Day 13, 6 weeks and 3 months of age. Ten mice/genotype/ time point were used for all experiments unless otherwise stated.
Curcumin treatment
Mice were treated daily with 100 mg curcumin/kg body weight by gastric lavage beginning at post-natal Day 4. They were subsequently evaluated at post-natal Day 13, 6 weeks or 3 months of age. Additional R98C/ + mice were also treated every day beginning at 6 weeks of age and evaluated until 3 months. Some R98C/ + mice whose daily treatment began at post-natal Day 4 had their treatment stopped at 6 weeks but were not analysed until 3 months of age (see 'Results' section). Curcumin was purchased from Sigma (catalogue number C7727) and dissolved either in alimentum (CA) or sesame oil (CO). Curcumin derivatives, PCC (gift of Indena Spa) (Marczylo et al., 2007) and CDF (Padhye et al., 2009) , were dissolved in sesame oil and dosed equally based on their curcuminoid content.
TaqMan
Õ quantitative polymerase chain reaction analysis
Real-time PCR analysis was performed on sciatic nerve samples that were quickly dissected, from post-natal Day 13 and 3-month-old animals, snap frozen and homogenized. Total RNA was extracted using RNeasy Õ Micro Kit (50) 
Western blot analysis
Snap frozen sciatic nerves were pulverized, dissolved in lysis buffer (Radioimmunoprecipitation assay buffer (RIPA) buffer, Sigma R0278 and proteinase inhibitors), kept on ice for at least 30 min and centrifuged at 14 000 g for 10 min at 4 C. The protein content of the supernatant was determined using a bovine serum albumin standard curve. Equal amounts of the protein were loaded on 6-12% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) gels, and electroblotted onto polyvinyl difluoride membranes. Liver samples were taken from mice injected intraperitoneally with 1 mg tunicamycin/g weight and sacrificed 48 h later; served as positive control for UPR activation. Results were normalized for b-actin (1:10 000) and to untreated wild-type samples. All western blots were repeated at least three times, and revealed similar results. The primary antibodies used are listed in Supplementary Table 2 . Horseradish peroxidase-conjugated secondary antibodies (1:5000-1:20 000 dilution; Sigma) were detected using enhanced chemiluminescence (ECL) reagents (Bio-Rad) with autoradiography film (Kodak Scientific Imaging Film, Blue XB).
Neuromotor behavioural studies
Grip test
The strength of all four limbs was evaluated using an automated Grip Strength Meter (Columbus Instruments). Within 1 week after training (10 practice trials using a mesh bar), the peak force exerted by each individual mouse was measured 10 times consecutively with 10 s resting periods, averaged and normalized to body weight.
Rotarod
Mice underwent three training trials on an IITC Life Science Roto-Rod (Series 8) with an accelerating ramp speed from 2 to 20 g in 300 s, as has been previously described in detail (Saporta et al., 2012) .
Electrophysiology
In addition to electrophysiological techniques published previously (Saporta et al., 2012) , we also performed repetitive stimulation (five stimuli) to detect a potential decrement in paw compound muscle action potentials.
Light and electron microscopy, morphometric analysis
Sciatic nerve samples were fixed in 2.5% glutaraldehyde overnight and processed as previously described (Saporta et al., 2009) . Tissue blocks were sectioned in 1-mm thickness and stained with methylene blue for light microscopic examination. Semi-thin sections were used to image the whole cross-section of the sciatic nerve ( Â 90 magnification), which was reconstructed from overlapping images. Every fourth image was analysed to quantify the number of axons per field (axonal density). The diameter of at least 200 axons per animal was calculated from the area of the axon in two animals per control group and in three animals per CA-, PCC-and CO-treated groups. Area measurements and manual tagging-used to determine axonal density and the percentage of de-or remyelinated fibres-were carried out using ImagePro Plus software (Media Cybernetics). G-ratio (axonal diameter/fibre diameter) analysis was performed on randomized photos of ultrathin sciatic nerve cross sections imaged with a Zeiss Electron Microscopy (EM900) electron microscope.
Immunohistochemistry on teased nerve fibre preparations and frozen sections
This technique has been described in detail in our previous studies (Bai et al., 2006) . In brief, nerves were either fixed in 4% paraformaldehyde for 30 min and teased into individual fibres on glass slides or freshly frozen in O.C.T medium and cut into 10-mm sections. After being dried and washed in PBS, the slides were reacted with primary antibodies (Supplementary Table 2A ) and kept at 4 C overnight, followed by 2-h incubation with secondary antibodies (Supplementary Table 2B ).
Visualizing the neuromuscular junction
Triangularis sterni, soleus and gastrocnemius muscle samples were dissected bilaterally. The total number of neuromuscular junctions was counted in the soleus muscle, and preterminal axonal segments along with perisynaptic Schwann cells were investigated in the gastrocnemius muscle (Court et al., 2008 ) (see Supplementary material for details).
The number of fully myelinated junctions was counted, and the length of the demyelinated segment was measured on triangularis sterni samples using ImageJ software on compressed confocal images ( Â 60 magnification). Muscle samples were processed for immunohistochemistry as follows: after being fixed for 2 h in 4% of paraformaldehyde and washed three times in PBS, samples were incubated for 30 min at room temperature in 5 mg/ml (Back et al., 2006) was ligated into the pcDNA3.1 plasmid (Invitrogen)] using Fugene 6 according to the supplier's instructions. Coverslips were either left untreated or were pretreated with 2 or 10 mM curcumin (dissolved in dimethyl sulphoxide, according to the manufacturer's instructions) 3 h before transfection. Cells were then incubated for 24 h, and curcumin was present for the whole period in treated wells. Immunocytochemistry was carried out at room temperature. Cells were rinsed twice in PBS and then fixed in 4% paraformaldehyde for 30 min. After being washed twice in PBS, cells were incubated for 2 h with the primary antibody (haemagglutinin 1:50; calnexin 1:300) diluted in a permeabilizing-blocking solution (containing goat serum, 20% Triton TM X-100, 240 mM phosphate buffer, 5 M NaCl and H 2 O).
Following three 10-min washes in PBS and 1 h incubation with secondary antibodies (Alexa Õ Fluor 633, 1:500; and Alexa Õ Fluor 555, 1:250), the coverslips were mounted applying Anti-Fade 4_6-diamino-2-phenylindole mounting media that labelled the nuclei. We determined the percentage of green fluorescent protein (GFP)-positive nuclei (active XBP1 splicing) in transfected cells visualized by standard epifluorescence, and normalized their number to the transfection efficiency (proportion of haemagglutinin-positive cells in each culture dish; Tinelli et al., in press ). To demonstrate cell surface expression/endoplasmic reticulum retention of P0R98C or P0wt, transfected Cos-7 cells were imaged at Â 189 ( Â 63 times three) magnification with a Leica confocal microscope.
Statistical analysis
Investigators were blinded to the treatment arm, but could not be fully blinded to the genotype when performing behavioural studies because of the characteristic phenotypic presentation of the R98C/R98C mutant. Morphometric, molecular and cell culture studies were carried out in a completely blinded fashion. Data are represented as mean value AE 1 standard error (SE). Normally distributed data (cell culture, several categories of behavioural and morphometric data) were analysed with univariate ANOVA, comparing all the genotypes and treatment groups. Not normally distributed data sets were evaluated by Kruskal-Wallis test followed by Bonferroni correction. Significance levels were marked on figures as follows: *P 5 0.05, **P 5 0.01, ***P 5 0.001.
Results
Phosphatidylcholine curcumin and curcumin dissolved in oil ameliorate axonopathic changes in R98C mice Homozygous (R98C/R98C) and heterozygous (R98C/ + ) mice were treated with daily gastric lavage of curcumin dissolved in alimentum (CA, 100 mg/kg/day) beginning at post-natal Day 4 and analysed at 6 weeks and 3 months of age to assess peripheral nerve structure and function. CA treatment did not improve balance on a rotating rod (Rotarod), strength on a four-limb grip test, nerve conduction velocities, F-wave latencies or compound muscle action potential amplitudes in either the heterozygous R98C/ + or homozygous R98C/R98C animals. In addition, there was no improvement in morphological features of de/dysmyelination with 3 months of CA treatment, and the reduced number of large calibre axons (diameter 4 6 mm) persisted. Supplementary Fig. 1 shows data from 6-week-old mice; all parameters remained unchanged at 3 months of age (data not shown).
To assess whether the lack of effect was of poor bioavalability of curcumin, we investigated whether curcumin was present in nerve tissue following treatment and identified it by mass spectrometry in sciatic nerves at 30 min, and to a lesser extent, 2 h after gavage in animals of various ages ( Supplementary Fig. 2 ). Values were similar to those reported in Tr J mice treated with CA (Khajavi et al., 2007) . Alimentum-treated control animals were included in all of the above mentioned studies, and no significant difference was noted compared with untreated or CA-treated animals, confirming that the lack of improvement in CA-treated animals was not due to a potential unexpected negative influence of alimentum ( Supplementary Fig. 1 ). Curcumin is absorbed poorly from the gastrointestinal tract and remains detectable for only 2 h in plasma, thereby limiting its effectiveness (Marczylo et al., 2007) . Therefore, we repeated the above experiments using PCC and CDF, two derivatives with better tissue penetration or retention (Marczylo et al., 2007; Padhye et al., 2009) . Because both PCC and CDF were dissolved in sesame oil, we also treated animals with curcumin dissolved in sesame oil (CO). Tissue levels of these compounds 30 min after gavage were similar to those with CA ( Supplementary Fig. 2 ).
R98C/ + mice treated with either PCC or CO from 4 days of age, performed as well as wild-type mice and significantly better (CO P = 0.006) than untreated, CA or CDF-treated R98C/ + animals on the accelerating Rotarod when tested at 6 weeks of age ( Fig. 1) . While untreated R98C/ + mice improved between 6 weeks and 3 months of age, PCC-or CO-treated animals performed equally at the two time points, resulting in no significant difference at 3 months of age ( Supplementary Fig. 3 ). In contrast, homozygous R98C mice either with or without curcumin treatment could not balance on the Rotarod at all and are, therefore, not shown in Fig. 1 . PCC-and CO-treated R98C/ + animals had significantly increased thigh compound muscle action potential amplitudes both at 6 weeks and 3 months of age compared with untreated littermates (PCC P = 0.001, CO P = 0.015), suggesting a persistent amelioration of axonal abnormalities ( Fig. 1) . Moreover, compound muscle action potential amplitudes of both PCC-and CO-treated R98C/R98C doubled (PCC P = 0.013, CO P = 0.032) compared with untreated homozygous mice ( Fig. 1) . We obtained corresponding results in paw compound muscle action potential amplitudes ( Supplementary Fig.  4 ). Nerve conduction velocities and F-wave latencies did not change at 6 weeks or 3 months of age in any treatment group (Fig. 1) . Oil-treated control animals also demonstrated improved performance on the rotating rod and increased compound muscle action potential amplitudes ( Fig. 1 and Supplementary Fig. 4 ). We cannot exclude the possibility that the oil-rich diet, with its increased sterol content (Saher et al., 2012) , synergized with the beneficial effects of curcumin and its derivatives (see 'Discussion' section); however, changes seen in the oil-treated control group did not reach significance and treatment with CDF, which was also (A) Rotating rod analysis of motor function revealed that 6-week-old PCC (P = 0.029) or CO (P = 0.002) treated R98C/ + mice (P = 0.006) remain on the rod for a significantly longer period than untreated R98C/ + littermates. PCC-or oil-treated control animals showed a tendency towards a better performance; however, it did not prove significant (n = 5-10/genotype/treatment group). R98C homozygous animals were unable to remain on the rod even after treatment and are, therefore, not shown on the graph (n = 5-10/genotype/treatment group). (B) We observed no significant difference in muscle strength among untreated or PCC/CO treated + / + and R98C/ + animals. R98C/R98C animals were significantly (P 5 0.001) weaker and did not improve with PCC or CO treatment (n = 10/treatment group/genotype). (C) Three months of PCC or CO treatment did not ameliorate the significantly slowed nerve conduction velocities in either R98C/ + or R98C/R98C mice. (D) Prolonged F-wave latencies in R98C/ + remained unchanged with PCC or CO treatment. F-wave latencies could not be distinguished in untreated or PCC/CO treated R98C/R98C animals because of severe temporal dispersion. F1 latency is the F-wave latency from the distal stimulation point (ankle). F2 latency is the F-wave latency from the more proximal stimulation point (sciatic notch). (E) Of note, compound muscle action potential amplitudes (measured in the thigh) increased significantly in R98C/ + mice when treated with PCC (P = 0.001) or CO (P = 0.015) even if treatment was initiated at 6 weeks of age (P = 0.04). In contrast, oil-treated control animals or heterozygous mice whose treatment was stopped at 6 weeks of age did not show any benefit. PCC/CO treatment increased in wild-type (P = 0.001/P = 0.015) and even doubled R98C/R98C in compound muscle action potential amplitudes (P = 0.013/P = 0.032) (n = 5/treatment group/genotype). CMAP = compound muscle action potential; MNCV = motor nerve conduction velocity. * = P 5 0.05; ** = P 5 0.01;*** = P 5 0.001. dissolved in oil, did not have a consistent significant effect on either group of mutant mice (see Supplementary material).
Morphometric analysis of sciatic nerves at the mid-thigh of R98C/ + animals demonstrated a reduced number of the largest diameter axons at both 6 weeks and 3 months of age compared with wild-type (6 week: 7 mm, 3 month: 8.5 mm) (Fig. 2) . A similar distribution of fibre sizes was also found in animals treated with CA (data not shown). However, we detected numerous largediameter axons at 3 months of age in mice treated with PCC or CO, and in fact, there was a return to the normal axonal distribution (P 5 0.001 for both CO and PCC when compared with untreated R98C/ + ; Fig. 2B ). In parallel with increased axonal diameter, the axonal density (number of axons/area) decreased significantly in PCC-or CO-treated animals (P 5 0.001 for both) (Fig. 2C) . The total number of axons did not increase with PCC or CO treatment of R98C/ + mice (R98C/ + untreated, 3529.5 AE 199.5; R98C/ + , PCC 3666.5 AE 395.5; R98C/ + CO, 3545 AE 20). No differences in myelin thickness (Fig. 2A) or G-ratios were noted following treatment with any curcumin derivative or formulation at any age investigated (data not shown). In addition, X-ray diffraction studies (Supplementary Table 3 ) did not identify any improvement in myelin period or thickness. The percentage of demyelinating (2.6 AE 0.25) or remyelinating (1.58 AE 0.24) fibres in R98C/ + mice remained unchanged in CA/CO/PCC-treated nerves compared with untreated control mice.
To determine whether PCC or CO could improve the neuropathy if administered in adult animals, we treated R98C/ + mice with the same set of curcumin derivatives or formulation, starting at 6 weeks of age and analysed them at 3 months. Using this treatment paradigm, curcumin treated mice showed a similar improvement of compound muscle action potential amplitudes (P = 0.04) as those whose treatment began at post-natal Day 4 (Fig. 1C) . Alternatively, when treatment was started at post-natal Day 4 and stopped at 6 weeks of age, there were no benefits in any of the groups of mice evaluated at 3 months of age (Fig. 1C) . Taken together, these data demonstrate that PCC and CO can improve the clinical performance, increase the compound muscle action potential amplitudes and rescue the deficit of large-diameter fibres in the R98C/ + mouse model of CMT1B. A summary of the effects of PCC or CO treatment is provided in Table 1 .
Phosphatidylcholine curcumin or curcumin dissolved in sesame oil treatment increased innervation of neuromuscular junctions
We next investigated whether curcumin derivatives exerted a beneficial effect on the innervation of neuromuscular junctions. We first performed repetitive stimulation and found no decrement in compound muscle action potential amplitudes, suggesting intact synaptic transmission (data not shown). We then investigated the neuromuscular junction morphologically, hypothesizing that improved myelination of the preterminal internode might facilitate reinnervation (Court et al., 2008) . In wild-type mice, MBP staining (B) By 3 months of age, the distribution of axon diameter returned to normal in PCC or CO treated (not shown) R98C/ + mice (P 5 0.001 for both CO and PCC when compared with untreated R98C/ + ); the proportion of large-diameter fibres was fully corrected (n = 2-3/ genotype/treatment group). (C) Increased axonal density in untreated R98C/ + mice was markedly reduced in PCC (P 5 0.001) or CO (P = 0.002) treated R98C/ + animals in correlation with the increase in axon size. * = P 5 0.05; ** = P 5 0.01; *** = P 5 0.001. was observed ensheathing preterminal branches labelled with neurofilament + synaptophysin. These MBP-labelled branches made contact with bungarotoxin-labelled acetylcholine receptors in 100% of the cases at all age groups. No evidence of denervation, defined by the absence of neurofilament + synaptophysin staining, was identified.
At post-natal Day 13, we identified a tendency towards a lower overall number of neuromuscular junctions and reduced myelin coverage of preterminal axonal segments in heterozygous and homozygous R98C mice ( Supplementary Fig. 5 ), both of which were slightly ameliorated by PCC/CO treatment. To account for length-dependent effects, we analysed distal (soleus/gastrocnemius) and also proximal (triangularis sterni) muscles and confirmed that changes revealed in the distal muscles were also observed in the triangularis sterni (Fig. 3) . Because the findings were similar, we used the triangularis sterni for studies on 6-week-and 3-month-old animals, its flattened structure allowed more precise evaluations of myelin ensheathing the preterminal internodes. By 6 weeks of age, 85% of the preterminal branches were demyelinated (P = 0.004) in untreated R98C/R98C animals; large gaps in MBP staining reached 15 mm in length. Both PCC and CO treatment resulted in a significant improvement; $70% of the neuromuscular junctions appeared normal in treated animals (CO P = 0.004), and the length of the demyelinated segment was reduced to $8 mm. The beneficial effects of PCC or CO treatment proved to be persistent, as at 3 months of age, 70% of the junctions were fully myelinated (P = 0.017 for CO-treated, P = 0.01 for PCC-treated, demyelinated segment: P = 0.008 for CO-treated; Fig. 3 ). Changes in preterminal myelination were less pronounced in untreated R98C/ + mice, but they deteriorated with age; 10% of the terminal twigs were demyelinated by 6 weeks of age and 30% by 3 months of age. Treatment improved the deficits, although the changes did not reach significance (Fig. 3) .
Curcumin derivative and formulation decreased the expression of c-Jun and SCIP in R98C/R98C mice During development, Schwann cell precursors migrate from the neural crest and pass through a series of stages before becoming myelinating Schwann cells (Jessen and Mirsky, 2005) . After establishing a 1:1 relationship with axons, they become 'promyelinating' Schwann cells, decrease their expression of the transcription factor c-Jun and upregulate pro-myelinating transcription factors, including SCIP (Oct6, Pou3f1) and Krox20 (Egr2). The coordinate activities of these transcription factors allow promyelinating cells to transition into myelinating Schwann cells (Svaren and Meijer, 2008) . Our previous study demonstrated that the R98C mutation alters this progression in mutant nerves, such that near the peak of myelination, at post-natal Day 13, there were increased numbers of c-Jun expressing and decreased numbers of Krox-20 expressing Schwann cells in heterozygous and, to a greater extent, homozygous R98C nerves (Saporta et al., 2012) . Particularly, since c-Jun expression has been shown to be upregulated in several human neuropathies (Hutton et al., 2011) , we elected to determine whether curcumin therapy altered the expression of these transcription factors. We measured their expression by real-time PCR and immunohistochemistry on frozen sections and teased fibre preparations of sciatic nerve from 3-month-old untreated and PCC-or CO-treated animals, respectively. Because Schwann cell numbers are increased in R98C mutant mice (Saporta et al., 2012) , we normalized our results to their number. images of neuromuscular junctions of wild-type and R98C animals at 6 weeks of age. Arrows indicate the demyelinated segment. Scale bar = 10 mm. (B and C) Virtually all neuromuscular junctions of untreated and PCC/CO treated wild-type mice were fully myelinated. Untreated wild-type values are included as control in the graphs. Percentage of fully myelinated neuromuscular junctions in the triangularis sterni muscle in R98C mice at post-natal Day 13, 6 weeks and 3 months of age. A tendency towards a lower number of normally myelinated junctions could be seen at post-natal Day 13 in R98C mice. By 6 weeks of age, R98C/R98C animals exhibited a significantly reduced number of normally myelinated junctions, which was rescued by CO treatment (P = 0.004). Benefits of treatment in R98C/R98C animals could be maintained even at 3 months of age (PCC P = 0.013, CO P = 0.017). Virtually all neuromuscular junctions of wild-type mice were fully myelinated, data not shown in the graphs. (C) The length of demyelinated segments proved to be longer in R98C/R98C animals than in R98C/ + mice (post-natal Day 13 P 5 0.001, 6 week P = 0.003). CO treatment resulted in shorter demyelinated segments in R98C/R98C animals (post-natal Day 13 P 5 0.001, 3 month P = 0.00815). NMJ = neuromuscular junction.
At 3 months of age, PCC (P = 0.002) or CO treatment (P = 0.018) reduced the percentage of c-Jun expressing nuclei in Schwann cells (Fig. 4B ). PCC and CO treatment mildly decreased the percentage of Schwann cells expressing Krox-20 in mutant mice. Pronounced changes occurred in SCIP expression. SCIP is normally transiently expressed in rodent myelinating Schwann cells peaking at around the time of birth and barely detectable in myelinating Schwann cells in adulthood (Blanchard et al., 1996; Zorick et al., 1996) . Persistent overexpression of SCIP in Schwann cells has been shown to cause Peripheral Nervous System (PNS) hypomyelination (Ryu et al., 2007) . The percentage of SCIP-positive nuclei was elevated in untreated R98C/ + nerves and elevated to a greater extent in R98C/R98C nerves (P = 0.029). Both PCC and CO treatment reduced SCIP expression in mutant cells, particularly from R98C/R98C mice (PCC P = 0.013; CO P = 0.003). On teased fibre preparations from PCC-treated mice, in wild-type, occasional SCIP-expressing Schwann cells could be found that also expressed MBP, although most nuclei were SCIP-negative. In R98C/ + , a greater number of SCIP-positive Schwann cells were identified associated with MBP-positive internodes. In R98C/R98C teased fibres, not only were the numbers increased but SCIP-expressing Schwann cells were also identified in demyelinated internodes (Fig. 4) .
Real-time PCR values for these transcription factors were also altered, although not always in parallel with the changes observed with immunohistochemistry. SCIP messenger RNA levels were elevated in mutant nerves, and these values were significantly reduced in the treated animals, consistent with the results from immunohistochemistry (Fig. 4) . However, no differences in c-Jun messenger RNA levels were detected between genotypes, and c-Jun messenger RNA levels did not change with treatment. Finally, Krox20 messenger RNA levels were surprisingly increased in R98C/R98C nerves, and these levels were reduced in treated nerves (Fig. 4) .
Figure 4 Curcumin derivatives alter expression of transcription factors in adult R98C mice immunohistochemistry and real-time PCR
analyses of SCIP, c-Jun and Krox-20 messenger RNA levels at 3 months of age (n = 2-6/genotype/treatment group). (A) Immunohistochemistry on sciatic nerve cross sections and teased fibre preparations confirmed nuclear SCIP localization. The percentage of SCIP-positive nuclei was elevated in untreated R98C/ + mice, and it was elevated to a greater extent in R98C/R98C mice (P = 0.029). PCC and CO treatment reduced SCIP upregulation in R98C/R98C (PCC P = 0.013; CO P = 0.003) animals. Scale bars : cross section = 50 mm, teased fibre = 20 mm. Markedly elevated SCIP messenger RNA levels in R98C/R98C animals compared with wild-type littermates (P = 0.001) were also significantly reduced in PCC/CO treated R98C/R98C animals (for both PCC and CO P = 0.010). (B) The increased percentage of c-Jun-positive nuclei in the mutant animals was significantly reduced by PCC (P = 0.002) or CO (P = 0.018) treatment in R98C/R98C mice. Scale bar = 50 mm. No significant difference was detected in c-Jun messenger RNA levels between the genotypes and treatment groups. (C) Immunohistochemistry revealed no significant differences between untreated wild-type and mutant animals for Krox-20 expression at 3 months of age; treatment slightly decreased nuclear Krox-20 expression. Scale bar = 50 mm. Krox-20 messenger RNA levels were significantly elevated in R98C/R98C mice (P = 0.014) compared with wild-type animals. PCC-or CO-treated R98C/R98C animals showed a tendency towards reduced Krox-20 messenger RNA expression (CO P = 0.049). * = P 5 0.05; ** = P 5 0.01; *** = P 5 0.001. We have previously demonstrated that the R98C Mpz mutant protein is retained in the endoplasmic reticulum where it induces a canonical UPR in mice during the peak period of PNS myelination (Saporta et al., 2012) . We, therefore, analysed whether curcumin derivative or formulation altered the three parameters that are usually used to detect UPR activation; ATF6 cleavage, XBP1 splicing and the increase in Chop levels along with its translocation to the nucleus.
Treatment of MpzR98C mouse
At post-natal Day 13, neither PCC nor CO treatment attenuated the upregulation of UPR markers; BiP protein levels, as a general marker of UPR activation, remained high at both post-natal Day 13 and 3 months of age ( Supplementary Fig. 7 ). At 3 months of age, there was a prominent increase in messenger RNA levels of mediators involved in all three arms of the UPR in R98C/R98C animals (XBP1 splicing P 5 0.001). Treatment significantly reduced XBP1 splicing (PCC and CO P = 0.01). BiP messenger RNA levels, a target of cleaved ATF6 (Yoshida et al., 1998) , were also reduced, as were ATF6 messenger RNA levels themselves (PCC P = 0.003, CO P = 0.010). In R98C/R98C untreated animals, western blot analysis demonstrated elevated Chop protein levels, which were reduced by PCC or CO treatment (Fig. 5) . However, at 3 months of age, Chop did not translocate to the nuclei even in untreated mice (data not shown). Recent studies suggest that when Chop translocates to the nucleus, it predominantly regulates genes associated with the cell cycle, whereas in the cytoplasm, it appears to affect cell migration genes (Jauhiainen et al., 2012b) . Thus, it was difficult to interpret the significance of reducing Chop in terms of UPR activation. Overall, our results indicated that CO and PCC treatment attenuated at least two arms (XBP1 splicing, ATF6) of the UPR at 3 months of age.
To address UPR activation in an independent assay, we performed in vitro studies, assessing XBP1 splicing. Cos-7 cells were co-transfected with wild-type or R98C MPZ and a plasmid containing XBP1 fused out of frame with EGFP. EGFP is pulled into frame by XBP1 splicing, and results in nuclear green fluorescence on UPR activation (Saporta et al., 2012) . Transfection with wild-type MPZ revealed minimal XBP1 splicing (4-10% of cells); presumably this was secondary to protein overexpression in the small percentage of cells. Nevertheless, transfection with the R98C mutant elicited significantly increased (P = 0.05) XBP1 splicing when quantified as the ratio of MPZ transfected cells with (n = 3-6). BiP, the general marker of UPR activation, was highly upregulated (P 5 0.001) in untreated R98C/R98C animals compared with wild-type littermates. PCC/CO treatment reduced significantly (for both P 5 0.001) the elevation of BiP in R98C/R98C mice. Note the activation of all three arms of the UPR [spliced XBP1 (XBP SP) P 5 0.001]. The upregulation of two arms was significantly reduced at the messenger RNA level by PCC/CO treatment (spliced XBP1 both for PCC and CO P = 0.010; ATF6 PCC P = 0.003, CO P = 0.010) (n = 3-6).
(B) Real-time PCR confirmed reduced MPZ levels in untreated (R98C/ + P = 0.023; R98C/R98C P = 0.01) and treated knock-in mice compared with wild-type animals (n = 3). (C) Western blot analyses indicated that BiP was highly upregulated in untreated (both R98C/ + and R98C/R98C P 5 0.001) and treated mutants. Elevated CHOP protein levels were slightly but significantly reduced in treated animals (R98C/ + CO P = 0.019; R98C/R98C PCC P = 0.012, CO P = 0.014), but it was considered functionally uncertain because CHOP translocation to the nucleus is no longer observed at this age (data not shown). Positive control: 10-fold diluted liver samples from tunicamycin treated animals. P0 protein levels were reduced similarly in untreated and PCC/CO treated R98C/ + and R98C/R98C animals when compared with wild-type littermates (P 5 0.001 both for R98C/ + and R98C/R98C). UNSP = unspliced. * = P 5 0.05; ** = P 5 0.01; *** = P 5 0.001.
GFP-positive nuclei and normalized for transfection efficiency. We treated the cells with two different curcumin concentrations, 10 mM as suggested in the literature in cases of other MPZ mutants (Khajavi et al., 2005) and 2 mM, which was the concentration we measured in post-natal Day 13 sciatic nerves by mass spectrometry. We found that both curcumin concentrations reduced XBP1 splicing equally, as illustrated by the pronounced decrease (70%) in the number of GFPpositive nuclei (P = 0.05 for both concentrations) (Fig. 6) . Therefore, curcumin treatment did attenuate the activation of the XBP1 arm of the UPR in stressed transfected cells. Nevertheless, as shown by confocal images, mutant Mpz remained in the endoplasmic reticulum after 2 mM curcumin treatment and was only somewhat transported to the cell surface after 10 mM curcumin, suggesting that cell surface expression and UPR activation may be regulated distinctly (Fig. 6) . The decreased MPZ messenger RNA (R98C/ + P = 0.017; R98C/R98C P = 0.004) and protein levels (R98C/R98C P 5 0.001) that were found in untreated knock-in animals did not improve with PCC or CO treatment (Fig. 5) , which is consistent with the morphological, neurophysiological and cell culture findings.
Discussion
We have shown that phosphatidyl choline curcumin and curcumin dissolved in sesame oil, but not curcumin dissolved in alimentum or fluorinated carbon curcumin, improved the phenotype of R98C animals. PCC-and CO-treated R98C/ + mice performed better on the Rotarod, had improved compound muscle action potential amplitudes and exhibited increased numbers of large-diameter axons compared with untreated mice or mice treated with CA or CDF curcumin. R98C/R98C mice showed increased compound muscle action potential amplitudes, although no clinical improvements or increased large diameter axons were identified. We did detect an increased number of normally myelinated internodes adjacent to neuromuscular junction and shorter demyelinated segments in R98C/R98C mice. We identified no changes in myelin thickness, nerve conduction velocity, F-wave latencies or X-ray diffraction patterns of myelin, although MPZ protein levels appeared increased in PCC-and CO-treated animals. Our findings suggest that the clinical improvement was due to the attenuation of a toxic gain of function mechanism and consequent indirect positive effects on axonopathic changes, as discussed later in the text.
Neuromuscular junction and axonal calibre
We hypothesize, for reasons discussed later, that the increased percentages of fully myelinated preterminal internodes and decreased length of demyelinated segments approaching the neuromuscular junction of treated animals contribute to the clinical improvement in the mice and perhaps also to the increased numbers of large-diameter axons in the treated nerves. Demyelinated axons have been shown to impair the regeneration of nerve terminals, resulting in dysfunctional presynaptic neuromuscular junction following retraction (Yin et al., 2004) . At post-natal Day 13 when the neuromuscular junctions are still in a highly plastic phase (Brill et al., 2011) , the deficits are not yet pronounced, but they become gradually aggravated with ageing. Normally functioning neuromuscular junction are necessary to provide retrograde transport from muscle to the neuronal cell body of growth factors, such as nerve growth factor (NGF), brain derived neurotrophic factor or ciliary neurotrophic factor (CNTF) (Butowt and von Bartheld, 2009) . Decreased numbers of normal functioning neuromuscular junctions could thus compromise neuronal health resulting in reduced numbers of large calibre axons such as we found in R98C mice. Abnormalities at the neuromuscular junction have also been shown to cause asynchronous failure of action potential transmission at high-stimulation frequencies in periaxin-null mice, a model of the demyelinating autosomal recessive neuropathy CMT4F (Court et al., 2008) . Increasing the number of fully functioning myelinated neuromuscular junctions with PCC or CO may induce more effective synapse reformation and regeneration. An alternative explanation is that the alterations we observed at the neuromuscular junction result from PCC or CO, inducing the regrowth of the largest diameter axons through some other process, possibly through improved myelination around the larger axons. However, we observed no evidence of increased compact myelin around the large axons or around any other calibre axon we evaluated, and no differences were observed in G-ratios following treatment that would support increased myelination. Moreover, nerve conduction velocity and F-wave latencies are calculated based on saltatory conduction along the large-diameter axons (Kimura, 2005) , and these values did not improve with treatment. Therefore, we have no data to support PCC or CO improving compact myelin along the larger diameter axons.
Unfolded protein response: IRE-1, PERK and ATF6
Abnormalities in the UPR contributed not only to the pathogenesis of the neuropathy in R98C mutant mice but also responded to treatment by PCC and CO. For example, by 3 months of age, XBP1-splicing and BiP, as well as ATF6, messenger RNA levels were significantly attenuated in treated R98C/R98C animals compared with untreated mice. We also detected attenuation in XBP1 splicing in an in vitro assay between curcumin-treated and untreated R98C transfected cells. Taken together, these data suggested that reduced activation of the IRE1 and ATF6 arms of the UPR might have contributed to the improvement of treated mice. In contrast, BiP protein levels remained elevated with PCC and CO treatment, and we also could not identify differences in the levels of Chop translocation into the nucleus between treated and untreated mice. Although the observed reduction of Chop levels in the cytoplasm may also affect Schwann cell behaviour in ways that are independent of DNA binding (Jauhiainen et al., 2012a) , we did not detect changes in the traditional PERK pathway of the UPR following treatment. These results are consistent with our previous findings that genetically eliminating the Chop arm of the UPR, by crossing R98C mice with Chop-null mice, did not improve the neuropathy of R98C/ + or R98C/R98C mice (Saporta et al., 2012) . Taken together, these results suggest that signalling through IRE1 or ATF6, of the UPR, contribute to the pathogenesis of the neuropathy caused by R98C MPZ.
R98C Mpz prevents or delays the transition of Schwann cells from a promyelinating to a myelinating state (Saporta et al., 2012) . Thus, it can be considered as a dysmyelinating or congenital hypomyelinating neuropathy. Ser63del MPZ causes a clinically milder neuropathy, in which patients' early milestones, such as walking independently, are normal (Miller et al., 2012) . Ser63del
Mpz mice develop a demyelinating rather than a dysmyelinating neuropathy, and these mice improve by clinical, physiological and morphological criteria when crossed with Chop-null animals (Pennuto et al., 2008) . These results suggest that activation of PERK is important in deymelination, whereas IRE1 and/or ATF6 contribute more strongly to dysmyelination caused by MPZ Figure 6 Curcumin treatment attenuated XBP1 splicing elicited by altered trafficking of the R98C mutant in Cos-7 cells. (A) Green fluorescence in the nucleus indicates the activation of the IRE1 pathway of the unfolded protein response in a cell culture reporter system where alternative splicing of XBP1 pulls GFP into frame. Representative epifluorescent images demonstrate that XBP1 splicing occurred more frequently in Cos-7 cells transfected with R98C than in those transfected with wild-type P0 and that curcumin treatment reduced the number of GFP-positive nuclei. Scale bar = 100 mm. (B) Confocal images illustrate that although wild-type P0 reached the cell surface, the R98C mutant was retained in the endoplasmic reticulum as well as elicited XBP1 splicing. At 2 mM curcumin treatment altered trafficking of P0R98C protein remained, but the number of GFP-positive nuclei decreased; whereas at 10E mM curcumin treatment, the number of GFP-positive nuclei decreased but some mutant protein appeared to reach the cell surface, as every cell process and protrusion is labelled with haemagglutinin staining (see arrows). Scale bar = 10 mm. (C) Quantification of XBP1 splicing in vitro. The percentage of GFP-positive nuclei was significantly higher (P = 0.05) in Cos-7 cells transfected with the R98C mutant as in those transfected with the wild-type construct. In the end, 2 and 10 mM curcumin treatment reduced XBP1 splicing to the same extent (for both P = 0.05). http://brain.oxfordjournals.org/ mutations. In this regard, it will be important to determine whether Ser63del mice respond as well to PCC or CO as do R98C mice. Our previous study also suggested that UPR activation might contribute to the upregulation of c-Jun, through the IRE pathway. c-Jun, as a negative regulator, inhibits PNS myelination (Parkinson et al., 2008) . The decrease in c-Jun expression that accompanied attenuation of XBP1 splicing is consistent with this role. Because c-Jun upregulation has been identified in other neuropathies (Hutton et al., 2011) , targeting IRE signalling may prove to be a novel therapeutic strategy for multiple demyelinating neuropathies.
Potential effects independent of the unfolded protein response
Curcumin may also be affecting R98C mice through cellular pathways that are independent of UPR activation. Curcumin, in fact, has been shown to affect cells through multiple other intracellular signalling mechanisms, including anti-inflammatory effects altering cytochrome c oxidase (COX)-2 expression, altering cytokine release from white blood cells and inhibition of NF-B activity (Agrawal and Mishra, 2009) . NF-B is of particular interest, as it is a transcription factor that is necessary for Schwann cell myelination. Neuregulin-1 signalling from the axon induces protein kinase A phosphorylation of the p65 subunit of NF-B that promotes Schwann cell differentiation into a myelinating phenotype (Yoon et al., 2008; Limpert and Carter, 2010) . Specifically, NF-B is required for activation of the transcription factor SCIP in Schwann cells (Nickols et al., 2003) , which then proceeds to activate Krox-20 as part of a 'feed forward' loop reviewed in Svaren and Meijer, 2008) . Much of this signalling occurs during the period of peak myelination, the same time the R98C neuropathy develops. Therefore, it is intriguing to hypothesize that curcumin induced alteration of the NF-B pathway might also play a role in the improvement shown by PCC-and CO-treated animals. Consistent with this possibility is the observed reduction in elevated SCIP messenger RNA levels and nuclear expression by immunohistochemistry after PCC and CO treatment at an adult age, which would be predicted from inhibition of NF-B in myelinating Schwann cells (Limpert and Carter, 2010) . Induced overexpression of SCIP has been shown to cause PNS hypomyelination without altering Krox-20 expression (Ryu et al., 2007) , which is precisely what we observed in our untreated animals. Thus, it is attractive to speculate that PCC or CO treatment caused improvement by reducing SCIP expression that then permitted at least Schwann cells ensheathing nerve terminals to proceed towards myelination.
Sesame oil, curcumin dissolved in sesame oil and phosphatidylcholine curcumin
We were surprised that R98C mice treated with sesame oil showed a trend towards increased compound muscle action potential amplitudes and improved Rotarod performance ( Fig. 1 and Supplementary Fig. 4 ). The recent study in which cholesterol treatment improved transgenic mice with the leukodystrophy, Pelizaeus-Merzbacher disease may provide an explanation for these results (Saher et al., 2012) . The most common form of Pelizaeus-Merzbacher disease is caused by a duplication of the major CNS myelin protein proteolipid protein-1 (Inoue et al., 1996) . Dietary supplementation with cholesterol improved Plp1 overexpressing mice clinically and increased their myelin content, at least in part by facilitating the incorporation of PLP-1 into CNS myelin membranes through lipid rafts (Saher et al., 2012) . Moreover, a previous study by the same group showed that cholesterol may act similarly on Mpz (Saher et al., 2009) . Sesame oil contains negligible cholesterol, but it does contain multiple plant sterols that function through similar pathways in humans, and that presumably contribute to cholesterol-lowering properties of sesame and other plant oils (Abidi, 2001) . Thus, we hypothesize that sesame oil may act like cholesterol to promote trafficking of MpzR98C into myelin, and contribute to the improvement of R98C mice, a hypothesis that is supported by the fact that CO treatment was as effective as PCC in treating the animals. The main advantage of PCC over CA may be simply that it is dissolved in sesame oil. As curcumin is poorly absorbed from the gastrointestinal tract by itself (Marczylo et al., 2007) , we suggest that sesame oil should be considered as a component of the medication that improved R98C mice rather than as a simple diluent for the curcumin.
R98C Mpz compared with Tr J and Ser63del Mpz mice
We were surprised by the lack of effect in R98C/ + mice with CA treatment because this therapy had proved effective with the Tr J mouse model of CMT1E (Khajavi et al., 2007) . Tr J mice also have endoplasmic reticulum retention of their mutant protein, although in this case, the protein is Pmp22. MPZ comprises 450% of PNS myelin proteins, whereas Peripheral Myelin Protein (PMP22) constitutes $5% (Trapp et al., 2003) . Thus, Tr J Schwann cells may have fewer misfolded proteins to process than R98C Mpz animals and require less curcumin to cause an improvement. Benefits from PCC or CO in R98C mice presumably result from increased gastrointestinal absorption of curcumin and prolonged plasma levels with these preparations (Marczylo et al., 2007) that would aid Schwann cells in processing the additional protein load. Curcumin itself, as noted above, is poorly absorbed after oral intake and largely excreted by the gut. It has been estimated that a patient would have to ingest oral doses of 10-12 g of curcumin daily to achieve therapeutic plasma levels, a particular problem because of a bad aftertaste with such high doses (Singh, 2007) . The fact that we also observed similar benefits with CO, and to a lesser extent sesame oil, was consistent with this explanation, since curcumin is more soluble in sesame oil than in alimentum. We observed that curcumin levels in sciatic nerve were similar in CA, PCC and CO treated animals 30 min after gavage. However, PCC is known to remain in plasma for at least 6 h, unformulated curcumin disappears within 2 h of oral administration (Marczylo et al., 2007 ).
An alternative explanation is that pathogenic mechanisms caused by UPR activation may differ between R98C Mpz and Tr J mice. The R98C mutation causes a particularly severe neuropathy due to of congenital hypomyelination, a form of dysmyelination resulting in severe disability of patients (Warner et al., 1996; Bai et al., 2006) . Ser63del MPZ causes a milder clinical form of CMT1B in which patients attain early milestones normally and usually remain ambulatory (Miller et al., 2012) . Ser63del Mpz also activates the UPR but predominantly have demyelination rather than dysmyelination (Pennuto et al., 2008) . Eliminating the Chop arm of the UPR has minimal effects on R98C mice (Saporta et al., 2012) , but rescues Ser63del Mpz mice (Pennuto et al., 2008) . Dysmyelination and demyelination may respond differently to SERCA inhibition, and it may be that Tr J mice also suffer predominantly from demyelination.
Toxic gain of function versus haploinsufficiency
It is unlikely that PCC or CO improves the neuropathy by releasing mutant Mpz from the endoplasmic reticulum, such that it can be incorporated into myelin. Not only were there no changes in myelin thickness or G-ratios in treated compared with non-treated mice, but also, although curcumin did alter XBP-splicing in vitro, it did not induce R98C MPZ to travel to the cell surface. We speculate that the additional cysteine introduced at amino acid 98 would so disrupt the secondary and tertiary structure of the Mpz extracellular domain that tetramers of R98C would be unable to form in cis or interact in trans (Shapiro et al., 1996) . Rather, we hypothesize that relief or partial relief from the 'toxic gain of function' caused by R98C Mpz permits Schwann cells to more easily enter or maintain their myelinating phenotype. The benefits from this relief would not be limited to an increase in wild-type Mpz expression in treated heterozygous R98C/ + mice. In other words, the toxic gain of function would not be limited to a dominant-negative effect on the wild-type Mpz allele. We have shown that the R98C mutation causes many Schwann cells to express transcription factors, c-Jun and SCIP, that prevent them from entering into a myelinating state. Schwann cells in this 'pre-myelinating' state would not express any myelin proteins, consistent with our previously published data that show reduced levels of all myelin proteins, particularly in homozygous mice (Saporta et al., 2012) . By decreasing the number of Schwann cells that express c-Jun and or SCIP, curcumin treatment would allow more Schwann cells to enter and remain in a myelinating state even if they make no normal Mpz, as is the case with R98C/R98C mice. We hypothesize that Schwann cells that remain in a myelinating phenotype without making normal Mpz are better for nerves than Schwann cells that express no myelin proteins. It is for this reason that it is important to minimize endoplasmic reticulum stress, UPR activation and other toxic gain of function mechanisms caused by R98C and related mutations. Improvement to haploinsufficiency in these heterozygous disorders should dramatically improve the quality of life in affected patients. Patients with haploinsufficiency of MPZ are often asymptomatic well into their adult years (Shy et al., 2004) , and Mpz AE mice are much milder than R98C/ + mice by clinical, physiological and morphological criteria (Saporta et al., 2012) . Determining which MPZ mutations respond to curcumin derivatives by improvement towards haploinsufficiency should identify candidate patients for clinical trials with these medications.
